ABSTRACT Presently, phosphorus requirements are based on consumption of nonphytate phosphorus (NPP), which does not account for the fact that NPP may not be completely available and that phytate phosphorus can be partially utilized to fulfill phosphorus requirements. Phosphorus retention values for feed ingredients, accounting for NPP and phytate phosphorus, and total retainable phosphorus requirements are needed to formulate diets that meet the phosphorus requirements of poultry but that do not result in excessive amounts of phosphorus in poultry excreta. A bioassay was conducted to determine retention of phosphorus from calcium phosphates. Eight levels of a reagent-grade monocalcium phosphate, monohydrate, (MCP) were added to a cornsoy, semi-synthetic basal diet containing an acid-insoluble ash marker and offered to individually caged 10-dold male broilers. After acclimation to the diets for 3 d, excreta were collected for 48 h. Diet and excreta samples
INTRODUCTION
Knowledge of phosphorus retention from feed grade phosphorus sources by poultry as well as the retention of nonphytate phosphorus (NPP) and phytate phosphorus from feedstuffs is of economical and ecological importance. Presently, phosphorus in feedstuffs is identified as total phosphorus and NPP (NRC, 1994) , but little information is available regarding the potential biological retention of the different phosphorus types. Feed phosphate sources have been primarily evaluated for poultry with 2-to 3-wk feeding trials. The biological value of a feed or reference standard phosphate (usually food-grade or US Pharmacopeia phosphorus source) is determined by feeding chicks or poults different amounts of the test phosphates in a phosphorus-deficient diet for 2 or 3 wk and comparing weight gain, feed conversion, and percentage tibia bone ash or other performance and growth parameters. The standard phosphate used is assigned a biological value of 100, 2002 Poultry Science Association, Inc. Received for publication September 13, 2001 . Accepted for publication May 19, 2002. 1 To whom correspondence should be addressed: ccoon@uark. edu.
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were analyzed for total phosphorus, phytate phosphorus, and acid insoluble ash. Retentions of the basal total, NPP, and phytate phosphorus were determined to be 43.2, 65.5, and 32.3%, respectively. Retention of the phosphorus from different phosphorus sources was determined to be dependent on the amount of source included in the diet. The maximum retentions of total phosphorus, NPP, and phosphorus from MCP for the basal-MCP test diets were 67.6, 80.2, and 98%, respectively. The maximum retention of dietary retainable phosphorus occurred with a 2:1 ratio of 0.48% calcium and 0.24% retainable phosphorus. The retainable phosphorus intakes for 10-to-15-d-old broilers required to provide a steady physiological state was 108 mg/d, as determined by two-line regression analysis. Retainable phosphorus requirements based on segmented line regression analysis using bone strength measurements for 0-to-3-wk-old chicks and 3-to-6-wk-old broilers were 0.39 and 0.30%, respectively. and the feed phosphates are assigned relative biological values compared to the biological value of standard phosphorus source. These bioassays provided no information about the phosphorus content of the waste of the animals.
Numerous reference standards have been used, including potassium phosphates, sodium phosphates, and mono-, di-, and tri-calcium phosphates. Practical and purified diets have been used in these types of assays (Sullivan and Douglas, 1990) . Chemical tests to predict availability of phosphorus sources have been investigated, but the correlation of chemical test to bioassay results have been poor (Day et al., 1973) . Biological values can only be used as a relative guide when formulating feed with different phosphorus sources. The biological value only describes the potential phosphorus utilization compared to a reference standard for concentrated feed phosphates; the actual amount of phosphorus retained by the bird per unit of phosphorus source is not determined. Nutritionists often assume only NPP is available, and NPP has become synonymous with available phosphorus in feed formulations. Sibbald (1982) proposed a bioassay to determine mineral availability of feed ingredients using a similar approach to the nutrient balance system developed for metabolizable energy evaluation. The theoretical bioassay was also suggested as a possible procedure to indirectly determine the requirements of a test mineral because the balance pattern of minerals differs compared to energy and amino acids. Sibbald suggested that a mineral intake in excess of requirements would be voided as excreta, whereas amino acid and energy losses in the excreta are independent of the input of bioavailable amino acids and energy. Myung et al. (1983) utilized the theoretical balance procedure proposed by Sibbald (1982) to determine a calcium requirement of 498.6 mg/d for breeding Japanese quail. Mertz (1987) suggested that balance studies should not be the major criterion for determining mineral requirements but may be useful in determining the bioavailability of a mineral and the intake of mineral required to maintain the existing pool size. Mertz (1987) suggested that the relevance of pool size to health remains to be established by different and independent means. Research is needed to evaluate a balance approach for determining biologically available phosphorus from feedstuffs and to determine the relationship of balance studies with bone ash and strength measurements for broilers.
Supplementation with inorganic phosphorus sources is considered necessary to meet the requirements of growing poultry, but a lack of complete understanding of NPP and phytate phosphorus retention may lead to over-supplementation of phosphorus sources, causing excess phosphorus to be excreted in poultry waste. Phosphorus retention values for NPP and phytate are needed to formulate diets that meet the optimal requirements of poultry but do not result in excessive amounts of phosphorus in the waste products. Phosphorus from poultry wastes has become an environmental issue as feed phosphorus not retained by birds can saturate soils and ultimately enter and contaminate water supplies (Sharpley et al., 1993 (Sharpley et al., , 1994 Chapman, 1996) .
Feed phosphorus values determined by retention assays that are dependent upon measuring excreta phosphorus should be described as a percentage retainable phosphorus instead of digestible or available phosphorus. Hegsted (1973) has reported that in human adults 70% of phosphorus lost from the body is eliminated through the kidney compared to 30% being lost through the feces. Calcium elimination from the body is primarily through fecal calcium, which would be unabsorbed dietary calcium and endogenous calcium. The calcium eliminated from the kidney is controlled by endocrine factors and to a lesser extent by dietary calcium. Hegsted reported that because there is limited amount of control for phosphorus absorption from the intestinal tract compared to calcium, the body content of phosphorus is primarily regulated by urinary excretion. In practical terms, dietary calcium may be very available but not be absorbed because of the calcium status of the animal, whereas a large portion of dietary phosphorus that is available will be absorbed but may be eliminated through the urine.
Phosphorus retention values would provide information for nutritionists to meet the animal phosphorus needs similarly to how digestibility or availability values provide for amino acid nutrition. Phosphorus retention values would account for the retention of phytate as well as NPP present in all types of feedstuffs. In the past, the term available phosphorus has been used interchangeably with NPP. As will be discussed in this paper, NPP is not 100% available to a bird, and phytate phosphorus is not 100% unavailable to the bird. A large amount of research indicates that phytate utilization is not negligible, that the extent of phytate phosphorus utilization varies among feedstuffs, and that phytate phosphorus retention can be improved by the addition of microbial phytases. The NPP availability of cereal and legume feed ingredients has been assumed to be 100%, although little work has been done to establish this. The relative bioavailability (Sullivan et al., 1994) and availability (Van der Klis and Versteegh, 1999) of NPP of inorganic sources such as defluorinated phosphates and mono-and dicalcium phosphates can vary depending on source.
Therefore, to avoid confusion with the previously used terms, in this paper the term retainable phosphorus will be used, defined as the difference between the amount of phosphorus from a source ingested and the sum total that is voided from the gastrointestinal and urinary tracts at a particular phosphorus intake and bird development. For phosphorus, retainable phosphorus can include NPP and phytate phosphorus.
Total phosphorus retained = NPP retained + phytate phosphorus retained.
Phosphorus retention (%) = [(total phosphorus ingested − total phosphorus excreted)/total phosphorus ingested] × 100.
Knowledge of the retention of phytate and NPP of individual feed ingredients will be useful in determining quantitative changes in retainable phosphorus due to use of various feed ingredients, as well as other factors such as dietary calcium and phosphorus levels and age and breed of bird. The development of retention values for feedstuff phosphorus, such as are found with amino acids, could be implemented into diet formulation computer software and lead to more cost effective diets, as well as minimizing the amount of phosphorus in the manure and consequently the environment. The objectives of this study were the development of a 5-d bioassay to determine the steady state point for retainable phosphorus as well as determine the retention of three feed-grade calcium phosphates to compare the results from the retention bioassay to a more traditional assay measuring bone parameters and to utilize the retainable phosphorus concept in evaluating the phosphorus requirements with a 6-wk broiler floor-pen feeding trial.
MATERIALS AND METHODS

Retention Bioassay
A bioassay was conducted to determine the total phosphorus retention of reagent-grade monocalcium phosphate ) monohydrate (MCP) and three commercially available feed mono/dicalcium phosphates (M/ DCP). Male broiler chicks were offered a standard corn soybean starter diet (21.2% CP, 3,113 kcal ME/kg, 0.95% calcium, and 0.45% NPP) until 10 d of age (240-g mean BW). Eighty-eight chicks of mean BW ± 13 g were then placed in individual cages and offered the 20 test diets (four chicks per diet) described in Tables 1 and 2 . Phosphorus levels were adjusted by replacing cellulose with eight levels of the MCP and four levels each of the commercially available phosphorus sources. Dietary calcium was 0.39% in the basal diet and varied depending upon the amount of MCP and source of commercial phosphorus added. The calcium/total phosphorus ratio in all of the experimental diets varied between 1.24 for the basal diet to 0.9 for the highest level of MCP added. Celite 3 was added to the diets as an acid-insoluble ash marker.
Broilers were acclimated to cages and test diets for 3 d prior to initiating a 48-h excreta collection period. Individual stainless steel trays were placed under each cage for excreta collection. Broilers had unlimited access to experimental diets and water during acclimation and excreta collection. Feed consumption and bird weights were recorded, the chicks were sacrificed by CO 2 asphyxiation, and the right tibias were collected. The tibias were cleaned of all exterior tissue and frozen until analysis. Excreta sam-2 J.T. Baker, Phillipsburg, NJ.
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Celite Corp., Lompoc, CA. ples collected were frozen, freeze-dried, and ground to pass through a 5-mm screen prior to analysis.
In conjunction with the 5-d bioassay, a second experiment utilizing 200 10-d-old male broiler chicks (average weight = 248 g) from the same flock were placed into cages, 10 chicks per cage. Each cage was assigned one of the previously described diets (Diets 1 to 20, Tables 1 and 2 ). The chicks were offered unlimited access to water and experimental diets for 2 wk. At 24 d of age, feed consumption was recorded; all chicks were weighed and then sacrificed by CO 2 asphyxiation. The right tibias were collected, cleaned, and frozen for analysis.
Total phosphorus and calcium in phosphorus sources, experimental diets, and excreta were measured by an inductively coupled plasma emission spectroscopic method. Duplicates for each sample were weighed (0.15 g) into porcelain crucibles and ashed at 600 C for 3 h. After samples were cooled, 10 mL of a 50% hydrochloric acid was added to each sample crucible, and the samples were allowed to digest overnight at room temperature. Samples were then brought to a slow boil on a hot plate for 2 h, with 50% hydrochloric acid added as necessary to maintain a volume of approximately 10 mL. The solution was cooled and quantitatively transferred to a 50-mL conical centrifuge tube. Crucibles were rinsed twice with 7 mL of 5% hydrochloric acid solution to assure complete transfer. The total volume was increased to 40 mL with HPLC-grade water, followed by centrifugation at 1,500 rpm for 10 min at room temperature. The supernatant was introduced to a SpectroAnalytical Axial Plasma inductively coupled plasma (SpectroFlame Modula E) 4 and measured at 215 nm (phosphorus) and 318 nm (calcium) against prepared standards ranging from 1 to 100 ppm in phosphorus and calcium contents.
Acid-insoluble ash was determined in experimental diets and excreta samples using the dry ash and hydrochloric acid digestion technique of Scott and Balnave (1991) . Diet and excreta phytate phosphorus were measured as inositol hexa-phosphate by using ion-exchange chromatography as described by Bos et al. (1991) . Feed crude protein and moisture were determined by AOAC procedures (AOAC, 1990) .
Tibias were analyzed for strength by the shear force measurement, as outlined by Wilson (1991) , with an Instron Universal Testing Machine.
5 After the shear test, the tibias were cut lengthwise and defatted in refluxing petroleum ether in a Soxhlet apparatus for 48 h. The defatted tibia samples were oven dried and ashed in ceramic crucibles for 24 h at 600 C. Ash content was expressed as grams of ash per bone and as a percentage of the defatted tibia weight.
Retention values of total phosphorus, NPP, and phytate phosphorus were determined using the diet and excreta phosphorus and acid-insoluble ash concentrations with a marker-digestibility equation reported by Scott and Balnave (1991) . Phosphorus retention of the phosphorus sources was determined by assuming retention of the basal diet was constant for all levels of added phosphorus from the sources. Data were subjected to analysis of variance (SAS Institute, 1989) and segmented (broken) line (Robbins 4 SpectroAnalytical Instruments, Fitchburg, MA.
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Model 1123, Instron Corp., Canton, MA. et al., 1979) regression analysis. For data that varied significantly from the segmented line model (slope of lines below and above breakpoint are significantly different from zero) a two-line model was developed. The model estimated the slope of the two lines and the point at which they intersected.
Segmented Line Model
Slope Estimate for First Line (X < R). L = Y value at X = 0, U = slope of line at X < R, R = value of X at the breakpoint = SS, X LR = X < R, R − X LR = 0 when X > R (by definition), and SS = steady state or inflection point.
Slope Estimate for Second Line (X > R). L = Y value at X = 0, U = slope of line at X > R, R = value of X at the breakpoint = SS, X LR = X > R, and R − X LR = 0 when X < R (by definition).
Two-Line Model
where α = Y value at X = 0, β 1 = slope of 1st line, β 2 = slope of 2nd line, and γ = value of X at intersection of the two lines.
Broiler Feeding Trial
A total of 1,050 day-old male Ross 308 broilers were randomly placed into 30 floor pens, 35 birds per pen, for a 6-wk feeding trial. Room temperature was maintained at 35 C for the first 3 d, 32.2 C from Days 3 to 7, reduced by 2.8 C increments weekly until 21.1 C was reached (Week 4), and maintained for the duration of the experiment. A 24-h lighting program was used: 53.8 lx during the first week, 16.1 lx during the second week, 8.1 lx for Week 3, and 2.7 lx until the experiment was terminated.
Five experimental dietary treatments were used with six pens (replicates) per treatment. Dietary treatments consisted of a series of starter and grower diets (Tables 3 and  4 ). All broiler chicks were fed one of five starter diets (ST1 to ST5) containing 1.0% calcium with NPP ranging from 0.46 to 0.22% for a 21-d feeding period. Broilers were then fed a corresponding series of grower diets (GR1 to GR5) containing 0.90% calcium with the NPP ranging from 0.44 to 0.20% for a 21-to 42-d period. All starter diets were formulated to contain 21.15% crude protein and 3,133 kcal/ kg ME. Grower diets were formulated to contain 20.08% crude protein and 3,212 kcal/kg ME. The phosphorus content of these diets was provided entirely from corn, soybean meal, and the M/DCP. Retainable phosphorus contents of the diets were calculated using retention values for same corn and soybean meal determined in a previous experiment (Leske and Coon, 1999 ) and the phosphorus retention of mono/dicalcium phosphate (M/DCP-2) from the retention bioassay presented herein.
Mortality was recorded daily. Feed consumption and BW were recorded at 3 and 6 wk of age, and feed:gain ratio was determined. At 3 and 6 wk of age, two birds per pen (12 birds per treatment) were sacrificed (CO 2 asphyxiation), and the right tibias were collected for bone strength and bone ash analysis, as described previously. Data were subjected to analysis of variance using the general linear models procedure (SAS Institute, 1989) with differences between means compared using Duncan's multiple-range test and segmented line regression analysis (Robbins et al., 1979) .
RESULTS
Dietary phosphorus and calcium contents and feed consumption values for the 5-d retention bioassay are summarized in Table 5 . Although differences existed in daily feed consumption, there were no significant (P ≤ 0.05) interactions between dietary phosphorus and calcium levels for feed consumption. The retainable phosphorus values of the basal diet (Table 6) were calculated by analyzing the phosphorus retention of individual ingredients included in the experimental diets (Leske and Coon, 1999) . The phytate phosphorus and NPP retentions of the basal diet were 32.3 and 65.5%, respectively, thus providing 43.2% total phosphorus retention from the corn soybean basal diet.
To determine phosphorus retention of the calcium phosphate sources (Table 7) , it was assumed that retention of the basal phosphorus was consistent for all of the diets used. The assumption seems justified because the decrease in total phosphorus and NPP retention that occurs with higher dietary levels of added phosphorus is most likely due to an excess of retainable P (basal diet phosphorus and added phosphorus) and not an interaction of the basal diet phosphorus with added source phosphorus. The basal diet was formulated with corn, soybean meal, and approximately 25% purified ingredients to maintain low levels of NPP and total phosphorus while producing optimum feed intake and performance considered important for determining phosphorus requirements, retention, and excretion. Dietary NPP ranging between 0.16 and 0.21% resulted in the greatest retention of total phosphorus and NPP. At levels of source supplementation of 0.012% of diet or 10% of the total diet NPP, it was impossible to determine the Retention of the phosphorus from the reagent-grade MCP significantly declined at higher levels of supplementation. The phosphorus retention of the MCP source decreased from 94 to 58.5% when the NPP level was increased from 0.21% to the NRC suggested level of 0.45%. This decline in phosphorus retention at higher dietary total phosphorus levels coincided with a marked increase in total phosphorus excretion at daily intakes that exceeded 197.3 mg/d (Figure 1) .
The retainable phosphorus contents of the diets were calculated with the phosphorus retention data. The relationships between retainable phosphorus content of the diet and NPP and total phosphorus excretion are shown in Figures 2 and 3 , respectively. The segmented line analysis indicated a dietary concentration of 0.24% retainable phosphorus on a dry matter basis provided broilers with adequate phosphorus to maintain a steady-state condition.
The maximum retention of dietary retainable phosphorus occurred with a 2:1 ratio consisting of 0.48% calcium and 0.24% retainable phosphorus (Figure 2 ). The amount of NPP excreted at the steady-state point of 0.24% retainable phosphorus was 17.2 mg/24 h (Figure 2 ). The amount of total phosphorus excreted at the steady-state point for total phosphorus intake and dietary retainable phosphorus concentration was 67 and 71.3 mg/24-h period, respectively (Figures 1 and 3) .
The relationship of retainable phosphorus intake and total phosphorus excretion is given in Figure 4 . The MCP phosphorus plus the basal diet phosphorus was approximately 80% retainable for the phosphorus concentration utilized in determining the steady-state phosphorus point for broilers (Figure 2, Table 7) . A summary of the bone parameters measured is given in Table 8 . Even within the relatively small range of retainable phosphorus provided by the M/DCP sources, differences could be observed in bone development. The retainable phosphorus level needed to increase bone strength increased linearly with a slope of 5.96 from 0.20 to 0.34% diet (Figure 5 ). At retainable phosphorus levels in excess of 0.34%, bone strength may continue to increase but at a decreased rate of return. Both bone ash parameters measured resulted in a minimum of 0.38% dietary retainable phosphorus to efficiently increase the ash content of the tibia (Figures 6 and 7) .
The starter period performance for the broiler feeding trial is summarized in Table 9 . Mortality was significantly increased at the lowest retainable phosphorus level fed. Breaking strength, feed:gain, and average bird weight were all negatively affected by reductions in dietary retainable phosphorus levels. Segmented line analysis indicates that a dietary level of 0.39% retainable phosphorus is necessary during the starter period to maximize the strength of the right tibia (Figure 8) .
Grower period performance of the broiler feeding trial is summarized in Table 10 . As in the starter period, increasing levels of dietary retainable phosphorus resulted in decreased mortality, improved feed:gain and increased bird weight, bone strength, and bone ash. Segmented line analysis indicates that 0.30% dietary retainable phosphorus is required in the grower period to maximize right tibia strength (Figure 9 ). 
DISCUSSION
The 32.3% retention of phytate phosphorus in corn and soybean meal diets shown in Table 6 was similar to the retention value of 32% reported by Sooncharenying and Edwards (1993). Broz et al. (1994) reported young broilers retained 44% of the total phosphorus from a corn-soybean diet with no added inorganic phosphates, which is approximately the same total phosphorus retention reported in Table 6 for the corn soybean basal diet. If phytate phosphorus retention is close to 30% for corn soybean broiler diets and phytate phosphorus is approximately two-thirds of the total phosphorus, the data of Broz et al. (1994) support the data in Table 6 , suggesting nonphytate phosphorus retention of the basal would be approximately 65%.
The retentions of diet total phosphorus, NPP, and source phosphorus display a consistent pattern (Table 7) . In general, the lowest levels of total phosphorus and NPP in the experimental diets produced the lowest retention values, intermediate levels produced maximum retention, and high levels produced lower retention values also. Research conducted to determine calcium availability in feedstuffs with broilers has shown that calcium retention follows a pattern similar to phosphorus retention (Coon et al., 2001) . Calcium retention was determined by the researchers to be maximum at 0.48% dietary calcium, although similar retention occurred from 0.4 to 0.745% dietary calcium. Calcium retention was lower for dietary calcium less than 0.4%, and retention was lower when dietary calcium was higher than 0.745%. Table 7 shows lower retention for total Source phosphorus retention was calculated assuming that phosphorus retention of the basal diet was constant for all levels of added phosphorus sources; X = source phosphorus retention values calculated to be ≥100% and removed from analysis. phosphorus and NPP occurred when levels of total phosphorus and NPP were less than 0.328 and 0.116%, respectively. The calcium content in the test diets containing the two lowest levels of phosphorus was approximately 0.4% FIGURE 1. Effect of dietary total phosphorus intake on total phosphorus excretion by male broilers 10 to 15 d of age during a 5-d retention bioassay. The estimate and standard error for excreta total phosphorus (L) (Y value at X = 0) are 66.97 and 4.70 mg, respectively. The estimate and standard error for amount of phosphorus excretion per milligram of total phosphorus intake (U) (slope of line at X > R) are 0.72 and 0.04 mg, respectively. The estimate and standard error for breakpoint of dietary total phosphorus intake for total phosphorus retention (R) (X value at the breakpoint or inflection point) are 197.29 and 12.08 mg total phosphorus, respectively. The estimate and standard error for amount of total phosphorus excretion per 0.1% diet retainable phosphorus content (U) (slope of line at X > R) are 74.14 and 8.39 mg, respectively. The estimate and standard error for breakpoint of dietary retainable phosphorus for total phosphorus retention (R) (X value at the breakpoint or inflection point) are 0.243 and 0.021% retainable phosphorus, respectively. NPP = nonphytate phosphorus.
in order to maintain a calcium:total phosphorus ratio close to the optimum of 1:4 suggested by Qian et al. (1997) .
The lower retention for the two lowest levels of test phosphorus in Table 7 was most likely caused by bone Reagent-grade MCP = monocalcium phosphate, monohydrate, 23.67% phosphorus, 17.05% calcium; M/DCP-1 = feed-grade mono/dicalcium phosphate blend, 20.30% phosphorus, 16.66% calcium; M/DCP-2 = feed-grade mono/dicalcium phosphate blend, 20.01% phosphorus, 16.58% calcium; M/DCP-3 = feed-grade mono/dicalcium phosphate blend, 21.59% phosphorus, 22.49% calcium; control diet (100% basal diet) contained no feed-grade mono/dicalcium phosphate. 4. Effect of dietary retainable phosphorus intake on total phosphorus excretion by male broilers 10 to 15 d of age during a 5-d retention bioassay. The estimate and standard error for excreta total phosphorus (α) (Y value at X = 0) are 116.7 and 112.5 mg, respectively. The estimate and standard error for excreta total phosphorus per milligram of retainable phosphorus intake before breakpoint (β 1 ) (slope of first line when X < γ) are −0.55 and 0.130 mg, respectively. The estimate and standard error for excreta total phosphorus per milligram of retainable phosphorus intake after breakpoint (β 2 ) (slope of second line when X > γ) are 1.62 and 0.20 mg, respectively. The estimate and standard error for breakpoint of retainable phosphorus intake for total phosphorus excretion (γ) (value of X at intersection of the 2 lines) are 108.1 and 15.7 mg retainable phosphorus, respectively. resorption, which would be necessary to provide available calcium for maintenance and to maintain plasma calcium. The phosphorus resorption from bones would occur at the FIGURE 5. Effect of dietary retainable phosphorus from 10 to 24 d of age on tibia breaking strength of male broilers. The estimate and standard error for kilograms of force tibia breaking strength (α) (Y value when X = 0) are −4.06 and 2.20 kg, respectively. The estimate and standard error for kilograms of force tibia breaking strength per 0.1% dietary retainable phosphorus before breakpoint (β 1 ) (slope of first line when X < γ) are 5.96 and 1.01 kg, respectively. The estimate and standard error for kilograms of force tibia breaking strength per 0.1% dietary retainable phosphorus after breakpoint (β 2 ) (slope of second line when X > γ) are 1.27 and 0.67 kg, respectively. The estimate and standard error for breakpoint of % dietary retainable phosphorus for kilograms of force tibia breaking strength (γ) (value of X at intersection of the two lines) are 0.337 and 0.031% retainable phosphorus, respectively. same time and potentially eliminated by the kidney (Coon et al., 2001) .
The inflection or steady-state point represented by the 197.3 mg total phosphorus per day indicated that this daily intake was adequate for maintaining the body pools of phosphorus for this age of broiler. Van der Klis and Versteegh (1999) determined that phosphorus retention for FIGURE 6. Effect of dietary retainable phosphorus from 10 to 24 d of age on grams of ash per tibia of male broilers. The estimate and standard error for grams of ash per bone (α) (Y value when X = 0) are 0.22 and 0.05 g, respectively. The estimate and standard error for grams of bone ash per 0.1% dietary retainable phosphorus before breakpoint (β 1 ) (slope of first line when X < γ) are 0.25 and 0.02 g, respectively. The estimate and standard error for grams of bone ash per 0.1% dietary retainable phosphorus after breakpoint (β 2 ) (slope of second line when X > γ) are 0.04 and 0.05 g, respectively. The estimate and standard error for breakpoint of percentage dietary retainable phosphorus for grams of bone ash (γ) (value of X at intersection of the two lines) are 0.384 and 0.025% retainable phosphorus, respectively. MCP and M/DCP to be 84 and 79%, respectively, at a dietary calcium of 0.5% and an available phosphorus content of 0.18%. The retention values found in this study are similar, although the differences in technique and calcium and phosphorus levels were not comparable.
Theoretically, if the dietary phosphorus was 100% retainable, the NPP excretion at steady state should be considered the endogenous loss for a 24-h period for 10-to-15-dold broilers. The total phosphorus excretion at steady state has less significance as an endogenous loss because phytate phosphorus would be included in the excreta and would not be a metabolic loss (Figures 1 and 3) . For daily intakes greater than 108.1 mg retainable phosphorus, the phosphorus excretion by male broilers significantly increased (Figure 4) . The value of 108.1 mg/d of retainable phosphorus determined with two-line regression was obtained for this age broiler consuming a diet containing retainable phosphorus between 0.178 to 0.253% (Table 5 and 8). The breakpoint intake of 108.1 mg/d retainable phosphorus should not be considered the main requirement for this age broiler, as needs for bone development were between 0.34 to 0.38% retainable phosphorus and would require a minimum intake of 163 mg/d depending upon bone test (Table 8, Figures 5, 6, and 7) .
To make decisions on optimum levels of dietary phosphorus to be used in starter and grower diets, it is important to distinguish between dietary phosphorus levels that will have higher biological retention compared to phosphorus levels that provide less retention. Coon et al. (2001) reported that broilers fed two feed-grade defluorinated phosphate samples and a dicalcium phosphate source showed dietary phosphorus levels and excretion patterns similar to those shown in Figures 2 and 3 . The researchers showed that the data was best described with a polynomial, segmented line, or two-line regression analysis compared to a linear response. The linear regression model utilized for describing the relationship between phosphorus concentration and excretion provided the largest mean square error and also produced residuals that did not distribute with constant variance. The polynomial, segmented line, and twoline regression models had lower mean square error values and also had residuals that were distributed with constant variance.
The floor-pen studies showed that broilers respond to increasing dietary phosphorus for increasing gain, bone ash, bone strength, and feed conversions. Dietary phosphorus also will decrease the mortality. For the broiler producer to make economic decisions about the amount of dietary phosphorus that should be used, the positive effects of bird health and performance with increasing levels of dietary phosphorus must be compared against the negative ecological aspects of lower phosphorus retention. The ability to determine both mineral availability and a mineral requirement with a test feedstuff based entirely on an excretion balance assay would be difficult as proposed by Sibbald (1982) . The problem that was overlooked in proposing the mineral balance assay for assessing phosphorus require-FIGURE 8. Effect of retainable phosphorus content in starter diets from 1 to 21 d of age on tibia breaking strength of male broilers in a floor-pen feeding trial. The estimate and standard error of kilograms of force breaking strength (Y) when X > R are 15.8 and 0.6 kg, respectively. The estimate and standard error for kilograms of force breaking strength per 0.1% dietary retainable phosphorus (U) (slope of line when X < R) are 7.62 and 1.12 kg, respectively. The estimate and standard error for breakpoint of percentage dietary retainable phosphorus for kilograms of force breaking strength (R) (X value at the breakpoint or inflection point) are 0.39 and 0.02%, respectively. ments was the large differences in amount of phosphorus needed for maximum retention and phosphorus needed for animal performance and bone development. The ability to evaluate different phosphorus feedstuffs with the balance retention assay has been shown to be valid. However, the present authors believe the retention of all individual feedstuffs should be independent without relating test sample availability to a standard phosphorus source.
The requirement of 0.39% retainable phosphorus for the 0-to-3-wk broiler floor-pen feeding studies based on bone strength regression analysis (Figure 8 ) closely relates to 0.34% retainable phosphorus required for same bone parameter in the 10-to-24-d broiler bioassay. The available phosphorus or NPP requirement for broilers from 0 to 3 wk suggested by NRC (1994) is 0.45%. Although the 0.39% retainable phosphorus requirement was determined by regression analysis, the requirement could be satisfied with a diet similar to Diet 2 in Table 9 . Diet 2 contained 0.396% retainable phosphorus, which consisted of 0.40% NPP and 0.25% phytate phosphorus. The NRC (1994) available phosphorus requirements are based entirely on NPP in the diet with the assumption that NPP is completely available and FIGURE 9. Effect of retainable phosphorus content of grower diets from 21 to 42 d of age on tibia breaking strength of male broilers in 6 wk floor-pen feeding trial. The estimate and standard error of kilograms of force breaking strength (Y) when X > R are 11.5 and 0.4 kg, respectively. The estimate and standard error of kilograms of force breaking strength per 0.1% retainable phosphorus (U) (slope of line when X < R) are 6.11 and 1.85 kg, respectively. The estimate and standard error for breaking point of percentage dietary retainable phosphorus for kilograms of force breaking strength (R) (X value at the breakpoint or inflection point) are 0.30 and 0.02%, respectively. that phytate phosphorus is completely unavailable. The NRC (1994) requirements were also established without considering phosphorus retention and phosphorus excretion. Research has shown that NPP is not 100% available and phytate phosphorus is partially available even without added phytase. Broiler producers will need to continually evaluate the advantages in weight gain, feed conversion, bone ash, and bone strength obtained when feeding additional retainable phosphorus compared to feeding phosphorus levels that would satisfy the steady state needs of the broiler and maximize phosphorus retention. The low retention of dietary phosphorus when feeding the higher levels of phosphorus needed for maximum performance may be detrimental to improving present ecological concerns. The development of a simple retention assay similar to the assay utilized for measuring amino acid digestibility for assessing phosphorus retention would provide key information to the poultry industry to support decisions needed in selecting dietary phosphorus levels. Information about retainable phosphorus of different feedstuffs should also benefit poultry integrators that are using commercial phytase to reduce phosphorus excretion and improve phytate phosphorus retention. The dietary phosphorus and excretion patterns clearly show that the efficiency of retaining phosphorus decreases as the levels of dietary phosphorus increase. The same retention response should apply with commercial phosphate sources or an increase in phosphorus availability produced with added dietary phytase. Leske and Coon (1999) developed a 5-d bioassay for measuring phytate phosphorus retention for six different feedstuffs for broilers and three different feedstuffs for layers when adding a commercial phytase to the diets. Those researchers recognized the lower efficiency of phosphorus utilization with higher levels of dietary phosphorus; hence, the study utilized 0.06 to 0.10% NPP in the test diets for broilers and 0.04 to 0.2% NPP in layer diets to maximize the phytate phosphorus retention.
The suggested requirement by NRC (1994) for available phosphorus (nonphytate) for broilers 3 to 6 wk of age is 0.35%. A 0.35% available phosphorus requirement would need a diet with NPP between levels shown in diets Grower Diets 2 and 3 in Table 10 . The retainable phosphorus requirement of 0.30% using segmented line analysis for 3-to-6-wk broilers is based completely on bone strength (Figure 9) . The broilers fed Grower Diets 1 and 2 containing 0.43 and 0.38% retainable phosphorus, respectively, had significantly larger body weights with more tibia ash than broilers fed levels of retainable phosphorus similar to the suggested 0.30% requirement. The retainable phosphorus requirements based on segmented line regression analysis for bone strength may be lower than if the requirements are developed with curvilinear models for bone strength or requirements based on an index of performance and bone data.
Nutritional requirements of amino acids have been shown to be slightly lower when developed with broken line models compared to curvilinear models (Mack et al., 1999) . The purpose of the research herein is not to dispute different statistical models for estimating phosphorus requirements but to utilize analyzed retainable phosphorus values determined for practical feedstuffs when evaluating broiler performance during the starter and grower periods. The improvement in broiler performance for broilers fed the highest retainable phosphorus levels would make it economically difficult for a broiler integrator to feed lower levels of retainable phosphorus to maintain a higher efficiency of phosphorus utilization and lower phosphorus levels in poultry manure. The lower dietary percentage retainable phosphorus requirement for the grower period compared to the starter period is most likely due to the increase in feed consumption and a slowing of skeletal growth compared to the fast development during the starter period. Research conducted by Moran and Todd (1994) has shown the requirement for phosphorus should be higher for broilers that will be further processed in order to decrease downgrades compared to broilers marketed as whole birds. The automated equipment in further-processing plants places additional stress on bones and increases breakage.
In summary, because NPP is not completely retained and because phytate phosphorus is partially retained, the retainable phosphorus system is a more efficient accounting system for evaluating phosphorus in feedstuffs and assessing the value of added phytase to the feed. Presently, because of a lack of information, nutritionist do not formulate diets with actual phosphorus availability or retention data but most assume that all NPP is available with phytate phosphorus being unavailable unless commercial phytase is added to the diet. The term available phosphorus has been arbitrarily given to NPP without determining actual availability data for feedstuffs. Relative biological values for feed phosphates can provide comparison information against various standards for bone development and performance data but will not provide retention information to assist in reducing phosphorus excretion and is a poor accounting system for evaluating the contribution of added phytase for reducing manure phosphorus. The amount of dietary retainable phosphorus needed for broilers to reach a steady state for maintaining the daily body phosphorus pool is substantially below the amount of phosphorus needed for health, bone breakage, bone strength, weight gain, and feed:gain. Retainable phosphorus values for individual feedstuffs may be used to more accurately formulate broiler feed and supplement phosphorus to meet performance and bone development goals with the resulting manure phosphorus content as a contributing factor in the decision.
